Nephrolithiasis is a multi-factorial disease which, in the majority of cases, involves the renal deposition of calcium oxalate. Oxalate is a metabolic end product excreted primarily by the kidney. Previous studies have shown that elevated levels of oxalate are detrimental to the renal epithelial cells; however, oxalate renal epithelial cell interactions are not completely understood. In this study, we utilized an unbiased approach of gene expression profiling using Affymetrix HG_U133_plus2 gene chips to understand the global gene expression changes in human renal epithelial cells [HK-2] after exposure to oxalate. We analyzed the expression of 47,000 transcripts and variants, including 38,500 well characterized human genes, in the HK2 cells after 4 hours and 24 hours of oxalate exposure. Gene expression was compared among replicates as per the Affymetrix statistical program. Gene expression among various groups was compared using various analytical tools, and differentially expressed genes were classified according to the Gene Ontology Functional Category. The results from this study show that oxalate exposure induces significant expression changes in many genes. We show for the first time that oxalate exposure induces as well as shuts off genes differentially. We found 750 up-regulated and 2276 down-regulated genes which have not been reported before. Our results also show that renal cells exposed to oxalate results in the regulation of genes that are associated with specific molecular function, biological processes, and other cellular components. In addition we have identified a set of 20 genes that is differentially regulated by oxalate irrespective of duration of exposure and may be useful in monitoring oxalate nephrotoxicity. Taken together our studies profile global gene expression changes and provide a unique insight into oxalate renal cell interactions and oxalate nephrotoxicity.
Introduction
Oxalate is a metabolic end product that is freely filtered at the glomerulus, undergoes bi-directional transport in the renal tubules, and is excreted primarily by the kidney [1] [2] [3] . The most common pathological condition involving oxalate is the formation of calcium oxalate stones in the kidney [4] . While very high levels of urinary oxalate are observed only in subjects with primary hyperoxaluria, a majority of idiopathic kidney stone patients only show a mild elevation in urinary oxalate [5] [6] [7] [8] [9] In addition several other conditions associated with oxalate deposits are: renal cysts in acquired renal cystic disease [7] , proliferating cells in the kidney [8] , hyperplasic thyroid glands [9] , and benign neoplasm of the breast [10, 11] . These considerations suggest that the pathological deposition of calcium oxalate is more complex than a simple physical precipitation of calcium oxalate crystals. In 1994, we were the first group to note that oxalate renal cell interactions involved alterations in gene expression [12] . Over the past two decades, studies [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] have demonstrated that oxalate interactions with renal epithelial cells result in a program of events, including changes in gene expression and cell dysfunction, consistent with cellular stress. Studies from our laboratory demonstrated that oxalate induced changes in renal cells (viz. re-initiation of DNA synthesis) are inhibited by inhibitors of transcription and translation, indicating that the cellular response to oxalate toxicity is dependent on new gene expression and protein synthesis [24] . Moreover, cells of the renal tubular epithelium are exposed to an environment with variable and elevated concentrations of the oxalate and must be able to adapt to oxalate stress. Indeed we have shown that many signal transduction pathways, including p38 MAPK and JNK, are activated in renal epithelial cells in response to oxalate and COM crystals [14, 24] . However, the genetic response of renal epithelial cells to oxalate exposure remains ambiguous.
HK-2 cells are a line of human proximal tubular epithelial cells immortalized by using the E6/E7 genes of human papilloma virus [HPV 16 ] [25] . These cells retain the characteristics of proximal renal tubular epithelium and have been used successfully as an in vitro model system to represent the human kidney epithelial cells. Previous studies have identified a number of stress and inflammation related genes whose expression is increased in renal epithelial cell cultures responding to oxalate [12, 18, 22] . However, these studies provide limited information on the gene expression program orchestrated in renal epithelial cells in response to increased levels of oxalate. In general it is believed that the effect of oxalate in renal epithelial cells is mediated, at least in part, through the regulation of gene transcription. Therefore to gain insights into molecular events associated with oxalate nephrotoxicity we used HK2 cells and cDNA microarray technology, which allows for the simultaneous analysis of multiple gene expression patterns, to evaluate changes in the global gene expression in renal epithelial cells in response to oxalate [26] . We used Affymetrix hg_u133_-plus 2 gene arrays comprised of 54000 probe sets and 1,300,000 distinct oligonucleotide features representing 47,000 transcripts and variants including 38,500 well-characterized human genes. Preliminary studies [27] , presented in this report, shows that exposure to oxalate elicits a specific gene expression response: oxalate exposure regulates expression of a much larger number of genes than previously thought. We also demonstrated that in addition to upregulating gene expression oxalate exposure results in the down-regulation of expression of a large set of genes. Moreover, our analysis of this gene expression data also reveals an array of twenty new genes that are differentially regulated by oxalate and could be useful for monitoring oxalate nephrotoxicity. Our studies provide a large amount of the data that may help improve our understanding of the pathogenesis associated with hyperoxaluria in general, and more specifically, with oxalate renal cell interactions.
Results

Treatment with oxalate causes unprecedented changes in gene expression in renal epithelial cells
Affymetrix gene chip analysis for changes in gene expression in HK-2 cells upon oxalate exposure identified global changes in the number of genes that are differentially expressed ( Figure 1A ). We analyzed changes in gene expression upon short term, 4 hours, and long term, 24 hours, exposure of HK-2 cells to oxalate. Of the 47,000 gene expression transcripts and variants analyzed on the gene chip, 26211 transcripts are expressed in the control compared to 25107 transcripts upon short term (4 h) and 23935 transcripts upon long term exposure (24 h) to oxalate (Fig. 1B) . These results show that oxalate exposure to the renal cells is associated with the transcriptional silencing of over 8.55 of all transcripts. These results reveal that oxalate exposure, in addition to turning on gene expression, is associated with the significant suppression of gene expression in renal epithelial cells. Effects of oxalate on the modulation of gene expression in HK2 cells are selective Even though there is a major reduction in the number of genes that were expressed upon oxalate exposure, the results presented in figure 1C indicate that about 600 genes that were expressed upon oxalate exposure were not expressed in the control cells at all. In addition, these results show over 150 genes are overexpressed in response to oxalate exposure. New genes are turned on in as little as 4 hours exposures to oxalate and are observed even after 24 hours of oxalate exposure. The results presented in figure 1C and table 1 show that oxalate exposure results in the complete silencing of some 1104 transcripts in as little as 4 hours and 2,276 transcripts in 24 hours of exposure. Taken together these results demonstrate the complex nature of oxalate interactions with renal cells and demonstrate that oxalate selectively turns on some sets of genes, while selectively turning off others. This data also suggests that oxalate induced changes seen in renal epithelial cells may be driven by the modulation of gene expression.
Oxalate differentially regulates the expression of specific genes associated with molecular function, biological processes as well as cellular components
Genes that were either up or down regulated in the oxalate treated cells were categorized based on gene ontology using GenMAPP software. The results presented in Fig. 2A and Table 2 lists genes which are up-regulated greater than fivefold in HK2 cells in response to oxalate exposure. When categorized based on gene ontology (using GenMAPP software), we observed that of the 6,725 genes associated with molecular functions, oxalate exposure resulted in the upregulation of 152 genes. Similarly, of the 16,467 genes associated with biological processes oxalate exposure resulted in the upregulation of 105 genes; and among the 10,435 genes associated with various cellular components oxalate exposure results in the upregulation of 94 of them.
The results presented in Fig. 2B and Table 3 reveal a list of genes which were down-regulated greater than fivefold in HK2 cells in response to oxalate exposure. When categorized based on gene ontology (using GenMAPP software), we observed that of the 5,230 genes associated with molecular functions oxalate exposure resulted in the down-regulation of 189 genes. Similarly, of the 16,467 genes associated with biological processes oxalate exposure resulted in the down-regulation of 552 genes; and among the 11,905 genes associated with various cellular components oxalate exposure resulted in the down-regulation of 239 genes.
Taken together these results reveal that oxalate exposure differentially modulates genes required for molecular functions, biological pathways, and cellular components. Moreover, the number of genes up-regulated in each functional group is far less than the number of genes down regulated. Surprisingly, oxalate exposure significantly suppresses the expression of 552 genes, while only upregulating 105 genes associated with biological Table 4 show the effects of oxalate exposure on the expression of genes involved in the regulation of transcription. These results show that oxalate exposure upregulates genes associated with the suppression of gene expression and at the same time down-regulates genes associated with transcription. Further assignment of these transcriptional regulatory genes by gene ontology groups (Table 4) 
Oxalate exposure modulates expression of gene associated with Signal transduction pathways
The results presented in Figure 3A show that several genes associated with signal transduction pathways, PI3 Kinase, MAP kinase and Retinoic acid Receptor pathways, show significantly altered expressions. In general, more genes associated with these three pathways are up-regulated in renal epithelial cells as early as 4 hours into oxalate exposure and some of these genes remain elevated for up to 24 hours. The results presented in Figure 3B show the heat MAP of this data specifically listing the genes associated with these pathways that are differentially regulated in HK2 cells upon exposure to oxalate.
Genes that are always differentially expressed in renal cells after exposure to oxalate may serve as gene expression signature of oxalate nephrotoxicity
The results presented in figure 4 A shows a heat-map of set of twenty genes that are differentially modulated in HK-2 cells upon exposure to oxalate regardless of the duration of exposure. These include genes that are expressed either only in the oxalate treated HK-2 cells (absent in control) or only in control cells (absent in oxalate treated HK-2 cells). The expression of the differentially expressed genes was confirmed in parallel experiments using relative quantitative RT-PCR (Fig. 4B) . We also evaluated the duration of expression of these genes in response to oxalate exposure. For these experiments we evaluated the quantitative changes by using real-time PCR. The results of these studies show a time dependent change in the mRNA levels of the genes tested [ Fig. 4C ]. These results also shows that these genes are turned on as early as 15 minutes into oxalate exposure and remain differentially expressed for a long period of time [over 48 hours]. Taken together these results suggest that transcriptional profiling using this set of genes may be useful to monitor oxalate nephrotoxicity.
Discussion
Our studies describe genome wide changes in the transcript expression of renal epithelial cells in response to oxalate. Specifically, these studies show the upregulation of 750 genes and their transcripts and the down regulation of 2,276 genes and their transcripts that have not been reported before. More importantly, these studies identified the differential expression of genes that regulates transcription machinenary and thus may serve as drivers in oxalate induced transcriptional changes associated with oxalate nephropathy, including nephrolithiasis. Nephrolithiasis is a multi-factorial disorder which, in a majority of patients, results in renal deposition of calcium oxalate. While chronic hyperoxaluria is a common finding in patients with inherited metabolic conditions of primary-hyperoxaluria, a majority of patients generally show only a mild elevation in urinary oxalate. High urinary levels of oxalate, as seen in patients with hyperoxaluria, are generally associated with interstitial nephritis, extracellular fibrosis, and may eventually result in kidney failure if left uncorrected [28] . The development of a kidney stone depends on many extrinsic and intrinsic factors, which are not completely understood. The disease is multi-factorial and the nature of urine milieu is complex. As such, focusing on specific urinary components associated with urolithaisis is critical. Previous studies have shown that oxalate exposure to the renal epithelial cells promotes cellular dysfunction, which has been shown to promote renal crystal retention [5, [29] [30] [31] . Oxalate renal interactions are complex and poorly understood. While many previous studies have evaluated the over expression of a few genes in renal epithelial cells in response to oxalate, our results presented here profiled oxalate renal cell interactions in an unbiased fashion using microarray gene expression technology. Our studies revealed that in addition to promoting the expression of specific genes, oxalate exposure to renal epithelial cells is also associated with silencing the expression of many genes. We also show that oxalate differentially regulates the expression of genes in each ontology group: molecular functions, biological processes, and cellular components. Our studies further demonstrate that oxalate exposure differentially effects the expression of transcription regulatory genes, thus suggesting that the modulation of transcription regulatory genes might be a potential regulatory mechanism of modulating gene expression by oxalate. In addition, we identified a set of twenty genes differentially regulated by Table 3 . Genes that show an average change more than 5 fold down-regulation compared to control (p value,0.05) upon oxalate exposure grouped based on gene ontology using GenMAPP. oxalate which might serve as a useful marker for monitoring oxalate nephrotoxicity. Gene expression at any given time point represents a snapshot of a cells molecular machinery. Our results [Fig. 1A, B] show that oxalate exposure is associated with decrease in mRNA levels of several genes in all systems. These results show that oxalate exposure to the renal cells for 24 hours is associated with the net inhibition of the expression of 2,276 of genes. This unprecedented suppression of a large number of genes in renal epithelial cells suggests a program of the suppression of transcriptional activity. However, previous studies by have shown that the exposure of renal epithelial cells to oxalate results in the up-regulation of several genes [12, 15, 18, 20, 20, 22, 23] . Thus, the notion of a general transcriptional repression is too simplistic of an explanation. Further analysis of our gene expression data (Fig. 1 C) reveals that although, over all, less genes are expressed in oxalate exposed cells for either 4 hour or 24 hour durations (26, 211 (control)vs. 25,107 (oxalate-4 h) and 23,935 (oxalate-24 hours), a number of genes (,750 genes) are up-regulated. These findings demonstrate that oxalate exposure differentially and selectively regulates gene expression. Moreover, expression profiling at 4 hour and 24 hour intervals following oxalate exposure suggest that gene expression changes in response to oxalate are in part governed by the duration of exposure.
The studies presented here have identified changes in the expression of genes that are responsible for increased transcription, lending credibility to the earlier observations. HK-2 cells exposed to oxalate show extensive changes in gene expression over a wide spectrum of functions. In addition to genes that have been already implicated, many unique genes were found to be either expressed or inhibited upon oxalate exposure. We observed that some genes are differentially affected depending on the duration of oxalate exposure. HK-2 cells exposed to oxalate for 24 hours show differential gene expression changes compared to HK-2 cells exposed for only 4 hours. This suggests that in addition to the amount of oxalate present in the cell's vicinity, the duration of exposure to oxalate also plays an important role in modulating gene expression in renal cells following oxalate exposure.
Differential gene expression as a result of oxalate exposure can stimulate different responses in the cells directly exposed to oxalate that may ultimately lead to either survival or cell death depending on the concentration and the duration of exposure to oxalate. Results first reported by us [12] , that have since been confirmed by several others, have shown that oxalate is toxic to renal epithelial cells. Analysis of the gene expression data using gene ontology software reveals that oxalate exposure inhibits the expression of over hundreds of genes that are required for cellular functions, which would suggest that oxalate might broadly impact cellular functions. Thus, renal cell dysfunction in response to oxalate may be in part driven by altered gene expression; however, the present study design does not permit the separation of causal and bystander genes. It is also possible that some of the changes in gene expression are causal, while other changes are bystander effects. In other words, whether the changes in gene expression play a causal role in oxalate nephrotoxicity or whether the gene expression changes are a result of dysfunction need to be addressed in additional studies.
Our analysis of gene expression data in renal epithelial ells in response to oxalate exposure revealed that 43 transcription regulatory genes are overexpressed while 51 transcription regulatory genes are down regulated by oxalate (Table 4) . Given the enormous implications in regulation of cellular function by the modulation of gene expression, specific mechanisms are in place in eukaryotic cells that regulate gene expression. Transcription regulatory machinenary in eukaryotes involves specific transcription factors and transcription inhibitors; proteins that are required to turn on and turn off the expression of particular genes. These considerations point to a possible mechanism of how oxalate differentially regulates the gene expression of such a large number of genes.
Given that oxalate is a metabolic end product in humans that cannot be further metabolized, such large scale changes in gene expression in renal epithelial cells in response to high oxalate levels points to an indirect mechanism of action, which may involve the interaction of oxalate with the cell membrane or in intracellular components. The primary site of oxalate action in cell remains unknown. Irrespective of primary site of action, one of the most common means by which cells sense changes is by activating the signal transduction pathways, especially the stress signal pathways. The stress associated signals are transduced through a series of proteins that are activated by phosphorylation/dephosphorylation steps and are finally turned into transcription factors, causing changes in gene expression. Though the present study design does not allow for the identification of activity changes due to phosphorylation, we identified changes in the gene expressions of upstream activators of several signaling pathways. Proteins like Ras, Fas and MKK are highly up-regulated as a result of oxalate exposure. These proteins are known to play important roles in JNK/SAPK signaling and p38 MAPK signaling. These results are in agreement with previous studies, by us [14,15, and 24] and others [32] , that identified an active role for Stress Activated Protein Kinases in oxalate renal cell interactions. We also identified changes in the expression of genes associated with retinoic Acid Receptor Signaling Pathway. Clearly additional studies are required to evaluate the functional consequence of these gene expression changes.
In summary, our study is the first attempt at profiling the Genome-wide expression changes in human renal epithelial cells as a result of exposure to oxalate. Results from our study point to complex and intricate mechanisms, including differential gene expression, in renal epithelial cells in response to oxalate exposure. Clearly further studies are required to completely understand the implications of the plethora of changes in gene expression occurring as a result of oxalate exposure in renal epithelial cells. We must separate and characterize the genes that are derived from the by-stander effect and identify the genes whose altered expression is responsible for oxalate nephrotoxicity.
Concise Methods
Cell culture
Human Kidney Epithelial Cells, HK-2, were procured from ATCC and maintained in a DMEM medium supplemented with 10% Fetal Bovine Serum and antibiotics. Before Oxalate treatments, cells were serum starved for 16 to 20 hours. Media components were procured form Invitrogen Corporation and all other chemicals were procured from Sigma-Aldrich.
Microarray analysis using Affymetrix Gene Chip HK2 cells were incubated in the presence of 1 mM Sodium Oxalate for different amounts of time and all cellular RNA was isolated using a RNEasy Kit (Qiagen). RNA was quantified with a NanoDrop ND-1000 spectrophotometer and tested for quality using an Agilent Bioanalyzer 2100 (Agilent) before being used for microarray analysis. cRNA was prepared using 50 ng of RNA and then hybridized to an Affymetrix Human genome U133 Plus 2.0 gene array comprising of 11 independent replicate sets for each message Hybridization, staining, and post-hybridization washes were completed according to the manufacturer's recommendations (Affymetrix). Following hybridization, gene arrays were processed with a GeneChip fluidics station 450 and double staining was captured using a gene array scanner 3000. All experiments were designed to comply with the Minimum Information About a Microarray Experiment [MIAME; http:// www.mged.org/index.html] guidelines and were interpreted by independent verification [33] .
Data analysis and bioinformatics
Hybridization intensities were quantified from the data image files using Gene Chip Operating Software algorithms (GCOS1.2, Affymetrix) with global scaling. Data analysis was performed using a Data Mining Tool [DMT 3.1, Affymetrix] and a GeneSpring 7.2 (Silicon Genetics). Cell Intensity files were processed into expression values for all the 55,000 probe sets (transcripts) on each array and following the respective normalization step. Differentially expressed genes were selected if they passed Welch's t test and parametric test (variance not assumed equal, P,0.05) and showed at least 2-fold changes between control and oxalate treated sets. Global gene expression was visualized by STAGE, a Smart Tool for Gene Expression analysis developed in house (Bhat S and Koul H). Differentially expressed genes were classified according to the Gene Ontology functional category (GenMAPP v2). Cluster and Heatmap images were generated using BRBArray tools [34] , freely available from http://linus.nci.nih.gov/ BRB-ArrayTools.html.
Reverse transcriptase PCR
1 mg RNA was used to synthesize cDNA by using iScript, a cDNA synthesis Kit [Bio-Rad Laboratories], and reverse transcriptase. PCR was performed with gene specific primers using Platinum Taq Polymerase (Invitrogen) and separating the products on a 1% agarose gel. Primers were procured from Integrated DNA Technologies and primer sequences used are described in Table 4 .
Real-time qPCR
Melt curve analysis was included to assure that only one PCR product was formed. Primers were designed to generate a PCR amplification product of 100-550 bp. Only primer pairs yielding unique amplification products without primer dimer formation were subsequently used for real-time PCR assays. Expression was related to the control gene [GAPDH], which did not change under any of the experimental conditions studied.
The real-time PCR reaction mixture was prepared in a Light Cycler 480 (Roche Diagnostics), a Multiwell 96-well plate containing 10 mM of each primer, 10 ml of 26 master mix, and 1 ml of cDNA template in a final reaction volume of 20 ml. The real-time PCR amplification was performed using the specific primers as shown in Table 1 , using the following cycle parameters: enzyme activation at 95uC for 10 min; 45 cycles of 95uC for 10 s, 63uC for 10 s and 72uC for 10 s. Following the amplification phase, a cooling step was performed at 4uC for 10 s (ramp rate of 1.5uC/s). Acquisition of the fluorescence signal was performed using the Mono Hydrolysis Probe setting [483-523 nm] following the 72uC extension phase of each cycle. GAPDH primers were included to normalize variation from sample to sample. All experiments were repeated three times using three independent preparations of cDNA.
